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insolubility in the resin combinations at slightly elevajfcd irepregging 
leweSatures AsÖ^F) but become soluble at processing (isofF) temperatures 
The most successful system, which is virtually equivalent to P^sently ava!. 
ahlp state-of-the-art epoxy/graphite prepreg was derived from CIBA-Geigy 
S-720 and SsiO resins Snd ufesPcarefSlly purified A^'-diammodiphenylsulfone 
ground to -400 mesh particle size as a curing agent.   Zinc linoresmate proved 
to be an effective co-catalyst.    Evaluations (in T-300 reinforced composite 
form) included thermomechanical strengths, response Jo >1000 hours exposure 
to 95+« relative humidity at 120oF. 500 hour aging studies at 350 F and re- 
gain characteristics after drying the moisture laden composites.    The 
effective flow-life of the prepreg was in excess of twelve weeks under 
ambient conditions. 
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FOREWORD 
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San Diego, Califorma.   Aerothera assumed respo 

^cerntrt ^^«üi-C^Äl. "E». How Life Laminating Resin 

System". 
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Laboratory (AFWL/HBC)   Air Force Sys» "0^
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SUMMARY 

To .«J^sh particle "ze« a cyur?ng agext. Zinc Hnomln.t. proved to be 
an effective co-catalyst. 

moisture laden composites. 

The effective flow-life of the prepreg was in excess of twelve weeks under 
ambient conditions (i.e. 25°, 40-50% RH). 
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SECTION I 

INTRODUCTION 

ÜiilL"!! of/dvanced composites is steadily increasing in aircraft and space- 
w^LV^ri^VV0 ]S ^e comParative size of inidividual components 
increasing.    Efforts to simplify and economize manufacturing techniques are 
not always successful due to the limited shelf life of high performance graphite 
fiber/epoxy prepreg materials currently available. qrapmie 

MSÜM^ resin ba^d PrePre9s Presently enjoying by far the largest use in 
h gh performance applications are generally limited to a nominal fourteen day 
laSÜ: !c KrderJ?fien^ shop conditions-    Projected layup schedules for very 
large (sub) assent lies far exceeds this two-week limitation.    Although the flow- 
l fe may be dramatically extended by refrigeration techniques, the anticipated 
size of items in preliminary design phases prohibits the use of this means of 
circumventing this shortcoming in today's prepregs. 

tJOtiiftiVTtJltt KPr*? Jf needed for the fab^'caiion of these large complex 
monolithic subassemblies (skins, support and stiffening structures,   ancillary 
^nl"9' etc- J

where Prolonged layup schedules are encountered and co-curing 
procedures would prove effective. 

ll^Ll^? to provide the Air Force with a laminating resins which would 
have the minimum 75 day flow life, careful attention was paid to other require- 
ments which placed restrictions on the allowable variations in resin modification 
and curing agent/cure schedule alternatives.    These included: 

1) that the developed system have virtually equivalent handleability 
properties (i.e., drape, tack, flow, etc.) as state-of-the-art prepreg 

2) ^r6 S™lile (temPer3ture/prcssure profile) not to exceed 350oF/100 psi 
with a 400oF free-standing posteure allowed 

3) no volatiles be evolved during cure 

4) low (<1%) void content composites 

5) environmental stability (i.e., moisture resistance) a1-, least as good as 
the best state-of-the-art epoxy 

6) the thermomechanical performance profile at least equal that of state-of- 
the-art epoxy/graphite fiber composite (^80% retention of room temperature 
flexural strength be retained at 350oF). 

7) prepregging procedures be readily adaptable to high volume production 
equipment 

i 

. 

a^*^^ 
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SECTION II 

TECHNICAL DISCUSSION 

A.    BACKGROUND 

L^eV^nJ^^^rip^/V^ft^p^Lor atta-]^ the objective of this 
satisfactorily perform1nrSo°F ELn5?t«P   95 are ava1lab1e which provide 
systems provide a nominal two week f?^ l fe "TiTl the majority of these 
cure chemistry of the system now-11fe.   Th1s is, of course, due to the 

Insoluble curing agent must not'd1sso?vP     TK! .ther™l^ «tlvated cure, the 
provides the required latencj whi e SI^L.H6 1n!o1!/bil1ty at room temperature 
the cure reactions to o"u? dissolution at elevated temperatures allays 

?hco1ept;h^hf^vitrtahcetedr:ssf^ lz^li;rtrn ep?xies - ^ *™^ 
Pro"dures employed by the uslr.    Thus   when a D^n2f ^^ w1th 1w and ^ 
handleability during storage and falls'to nLM^E^ cea,s?s to exhibit good 
temperature due to Luffi^en^Ä ^HX^Ü™ 

^}^^^^^^^™ al-t.invar1ably derived 
for drape and tack are most readllj obtalnpH hw h te.-1SC?SUy/flow Pa™neters 
epojy resin systems and adjuslfng blend liscosldlr^^0"-3^ hi9h v1scos1ty 
hardener/curing agent additions.    A ternlliveli   ^'w re^re<i' for appropriate 

to acMe« the bestVr,,, ^Ic^^^Z^,^ ^"Ai'S"« 

structures.    Most notable is    wer inteHamin^chJ^1*6 ^for^ composite 
premature shear failures in f exf,^   tfclc        * hear st^ngths; consequently 
flexural strengths.   SJstU SstJtaS   whn.^T81?*!? ^ lower "^e 
may be inadequate for high tlmplm^lervfce   acceptab1e for ^st applications. 

B. DISCUSSION 

1. Candidate Epo^y Resins 

Ä.ÄÄ s tz*zt :f2ir;my 'n rre" "f j - 

ütanitinianiiaiiiiriiiin ■ -■'■    ■ 
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consideration.    The recent petroleum shortage with its allocation requirements 
caused temporary shortages of almost all of these systems and temporary dis- 
continuation of one of the more widely used resins (Epon 1031).    We naturally 
considered only those resins where current and projected availabilities do not 
present a problem.    Table I lists the manufacturers contacted and the various 
candidate resin systems considered for use in this program. 

2.    Curing Agent Considerations 

Latent curing agents generally operate on one of four principles as causative 
factors for their latency characteristics: 

1. Very sluggish reaction rates which require protracted cures at 
incrementally higher temperatures 

2. Tnermal'iy induced shifts in salt-like equilibria to provide higher 
concentrations of curing agents at elevated temperatures 

3. Thermally induced rearrangements 

4. Insolubility of the curing agent at ambient temperatures which 
becomes soluble upon application of heat 

The fourth area is where many commercially available systems operate. 

3.    Hydrazides as Curing Agents for Epoxy Resins 

Aromatic dihydrazides^1) are useful hardeners; particularly iso- and tere- 
phthalhydrazide.    Both of these were prepared ir  high yields by the following 
routes. 

o  /—^^ o 

Me0-C-/O/"C" 
H,. NNH- ?| 

0Mt- ilmT^ H2NHNC N11N1L Terf-phthalhydrazide 
TPH   (mp >3250C) 

MeOC 

0 0 

EtOH A 

0 0 
II     /v« 

HjhmNC-r^OrCNHriii Iso-phthalhydr.-iZ Idc 
IPH  (mp 22A*-2250C) 

-.. 

The lower melting isomer is more useful as an epoxy curing agent as evidenced 
by differential scanning calorimetry (DSC) data.    DSC data were acquired for 
both TPH and IPH with the unblended resins mentioned above.    Epon 828 was 
similarly evaluated for use as a reference. 

It is instructive at this point to consider the DSC scan of the cure exotherm of 
Epon 828 cured with M'-diaminodiphenylsulfone (DADS) and IPH.    Figure 1 is 
Epon 828/DADS while Figure 2 is tpon 828/IPH. 

(1) ft. L. Wear, US Patent 2,847,395 (1958), Minnesota Mining & Manufactnrlnq Co. 
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TABLE I 

MULTIFUNCTIONAL EPOXY RESINS FOR INITIAL SCREENING PURPOSES 

Manufacturer Resin 

0510 

(N.N.O-triglycidyl- 
4-aminopheno1) 

Idealized Structure comments 

CIBA-Geigy A       K 
CH—CHCH -N-CH,CH-CH0 

1    ^ 

Low viscosity, 
previously marketed 
by Union Carbide 

fa. r A 
OCH2CH-CH2 

Shell Chemical 
and Resins 

1031 

1,1.2.2-tetra- 
[4-(2,3-epoxy-l- 
propoxy)phenyl] 
ethane 

0 

CHo-CHCH-O 
A 

A 
CH2-CHCH20 

0CH,CH-CH, 

A 
l-Ci- CH2CH-CH2 

Not available for 
2-1/2 to 3 years 

Shell Chemical 
and Resins 

X801 

l,3-di-(2,3-epoxy- 
l-propyl)-2-(2.3- 
epoxy-1-propoxy) 
benzene CH2CH-CH2 

-10,000 lbs. on 
hand.   Current 
production 
curtailed.   Low 
viscosity' resin 

 :  ' tUMMdMBRMMi 
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TABLE I 

(Concluded) 

Manufacturer 

Celanese 

Resin 

SU-8 

Idealized Structure 

CH2-CHCH20 0CH2(fH-CH2 n21'" ""2 

Comments 

Solid resin 
(mp 85^-90%) 

Dow Chemical DEN 438 
DEN 439 

poly|methylene-2,6- 
[l-(2,3-epoxy-l- 
propoxy)]phenylenel 

0CH2CH-CH2 

Viscous semi- 
/\    solid 

CIBA-Geigy MY-720 0 

N.N.N'N'-Tetragly-   CH -di 
cidyl^^'-raethy-        B        . 
lenedlaniline \ 

a-.HCH2 

C>I2-CHCH2 

-<o)«^§)- / 
i 

\ 

A 
CH2CH-CH2 

CH;,CH-CH2 

0 

Viscous semi- 
solid 

... ■ 
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The DSC of s30 day flow life of the 828/DADS system shows a broad curve with an 
initiation temperature of 1360C and an exothermic peak at 2320C.    In comparison 
the "latent" 828/IPH cured system shows an initiation temperature at 165 C and 
a peak at 200oC.    The end of the exotherm is found at 330oC (extrapolated) for 
the 828/DADS and at 220oC for the 828/IPH.    These two curves may be interpreted 
in the following manner. 

The initiation temperature is a rough measure of the attainable latency where 
lower temperatures correspond to a shorter flow life.    Thus, the Initiation 
temperature is a measure of that temperature at which sufficient curing agent 
is solubilized to initiate the exothermic cure reaction.    A broad curve is 
indicative of a system which would require a stepped and somewhat protracted 
cure schedule since it requires very high temperatures to complete the cure. 
A narrow curve is indicative of a rapid efficient cure mechanism with potentially 
shorter cure schedules (assuming that the cure exotherm does not char the resin). 

Table II describes the resin/curing agent combinations evaluated by DSC. 

TABLE II 

DIFFERENTIAL SCANNING CALORIMETRY DATA 
(10oC/Minute Heating Rate) 

Resin 

mä 
Epon 828 
(Shell) 

ii 

ii 

DEN 438 
(Dow) 

Epon X801 
(Shell) 

0310 
(CIBA-Geigy) 

Curing Agent 
•(Phr)* 

DADS (32) 

IPH (25) 

TPH (25) 

IPH (27) 

TPH (27) 

IPH (51) 

TPH (51) 

JI'll (VJ) 

TPH (49) 

Initiation 
Temperature 

Cc) 

136 

165 

190 

172 

210 

160 

190 

I4'J 

200 

Cure Exotherm 
Peak 

Temperature 

 CC) 

232 

200 

255 

200 

245 

186 

185 

225 

Termination 
Temperature 

Cc)  

330   (extrapolated) 

220 

270 

220 

260 

205 

?00 

240 

phr = parts of ruring agent  per hnndrftl  parts  of   i ist n. 

gMMa^dg» 
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a.    Flow-Life Results 

„o ad,.nc««nt after 6 months ^ •*<•"' ÄlSity^xJ «i S W«. 
f^S^aJ ^Ä'^rSUÄ Ä Ä^d Portion 
(tottm of the dish) no significant advancement occurred. 

b.   Effect of Particle Size 
ga r.^™ ;nd tiassificatlon-The settling of t^S ß S» itnT* 
By fine-grinding to reduce particle sjze.   Our ""J ="0   Th      ^ p(M(ters «re 
? ^s??rerir?hrf

horirn/t^^ ? ng S^^an A^lcaJ Inst.u.ent 
Company Roller Particle Size Counter - Model 5-445. 

0-10 v. 10-20 r, 20-30 Mi and >30 y 
This separation is not Solute   but simply presents aj^ribution of 1 particles 
with mean diameters »f roxlna^gJj« "rtJ-PO nt^f tM r^^ of Serial 
separation technique is t^-^s^ng and ^Jf ^^^^   roved Very useful in 
(=0.25 g/day).    However, even these small quantities r.dve ^ 
the'preliminary screening studies. 

sections). 
9     The catalyzed mixture exhibits thixotropic behavior in that very little 

r^eUhfr.tJin'films or ---bly th c    >V   ^f™^, 
^rruS^tr ^      nt »rfalfonr^^ration a. ?rr.eda 
*"1l1ght changes in cure exothems are apparent when 05C scans are 

™ SÄ? AA'A^J^nl^ouar^rt.-. 
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TABLE III 

DIFFERENTIAL SCANNING CALORIMETRY DATA 
(10oC/Minute Heating Rate) 

Resin/Catalyst (phr) 

0510 IPH (49) 

0510 IPH (49) 

0510 IPH (49) 

Particle 
Size 

Range 

0-10 

10-20 

20-40 

Initiation 
Temperature 

(ec)  

125 

137 

145 

Peak 
Temperature 

(0c) 

180 

182 

185 

Termination 
Temperature 

(ec) 

194 

195 

200 

These data indicate a significant lowering of the initiation temperature with 

Wet Grind Techniques - The laborious nature of dry-grinding with the concurrent 
low yields of very f ne particles prompted us to investigate an alternate Lthod 
SL^Ä^ P?rtiSle V^-    A wet 9rindin9 Procedure which prove™" be adequate was developed and is described below. 

«^L^-rJ Warin? 5lender was c1amped at about 300 off vertical.    The top was 
n^fl^iw! S^le?c^ov?r which had a water cooled condenser attached.   The 
i!?Khaihi;draZ1^^(52J

9i was loaded int0 the blender with about three times its 
wUh InnHf3^-  •adde2\ The b1ender was ^ for 8 hours at the higheT peed 
ser   Tthl p^Jh-0^-^9"6 t0 comPensate *"• that lost through the conden- 
rolids^'tenroflo'elo.ir * n0^ett^ ™^0" was obtained with total 

The distribution of particle sizes could not be accurately determined since 
tlÄ^if 0.CCU^d drn9 solve"t removal (either under Vacuum or     tempting 
the L^se tlÄh3   ?nt0/ h0t ni?tal 5Urface)-    It was fe1t at that time that9 

äLTmfSS^ Sfry'^ne^arli^l^izf^ n0n-p0lar heXane WaS ade^ate 

^"Sr^HV8 ? g^nding/suspension medium causes an interesting effect when 
the mixture is mixed with epoxy resins.    The hexane is virtually Insoluble In 

ear 1 Je; TfTl^ll ^1 ^he rer1a1s are mixed the hexa^ ^ ^at a 
of   bv f^ th* h^^/iu catalyzed resin mixture.    This allows ready removal 
sln-nni^ ^fiS lk 0f th! ""w^ted solvent, by simple decantation.    Vacuum 
stripping easily removes the remaining traces. 

c.    Cure/Stoichiometry Studies 

vari^s^resfnTlistPd'hpli; f1?Kly 9rTd T S^tem' we prePared ^^ <* the 
-on»? JnT.? be1?w-    The "talyzed resins were thoroughly de-aired at 
=90 C   n a vacuum oven prior to cure initiation.    Samples were set aside fnr 
flow-life determination?.    In all the systems tested^a denrlc^ve eiolherm 

10 
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occurred if the resins were placed directly in a 350oF oven, regardless of 
stoichionietry.    In the highly reactive systems as indicated by DSC (notably 0510 
and X-801) initial gelation was carried out at 250oF.    Others investigated 
were gelledat 300oF and cured for 1.5 hours at 350oF.    Second samples were then 
postcured one hour at 400oF. 

Following the cure, the samples were machined into =1/4 in. cubes and tested 
under 3450 psi compression load in the Dupont 990 TMA apparatus at a heating 
rate of 10oC/mir,.    This setup was chosen to provide a screening technique 
similar to HOT determination defined as Distortion Temperature Under Load (DTUL). 

The resin/curing agent stoichiometry was also upset to establish the effect of 
inadequate curing agent on the resin as measured by TMA performance.    Three 
stoichiometries were investigated for each system (100%, 95%, and 90%).    A 
significant result from these data is in the apparent unsuitability of IPH 
as an efficient curing agent with high functionality, essentially monomeric, 
resins  (e.g., Epoxy X801, CIBA-Geigy 0510 and XB-2793).    The high functionality 
resins cured with the IPH were expected to provide apparent Tn's in excess of 
350oF.    When the apparent Tg is much less than s350oF, the system was assumed 
to be incompletely cured.    The reason(s) for incomplete cure with heterogeneous 
systems are not easi'/y traced to the chemistry of the system since the surface 
area of the insoluble curing agent, its degree of dispersion in the resin, and 
other factors play an important role in how efficiently the curing agent is 
utilized. s 

This inefficiency of the IPH with the high functionality resins was not antici- 
pated. These particular resins were to be used in relatively low concentration, 
primarily as viscosity control devices.    The dilution by the major resin com- 
ponents should provide more efficient systems and reduce the effects seen in 
Table IV with the high functionality resins.    Such reduction is seen in the two 
mixed resin formulations in Table IV.    By reducing the amount of 0510 from 35% 
to 25% in admixture with the solid SU-8, the approximate upper use temperature 
was increased by 850F (385° to 470oF). 

The expansion curve of entry #5 in Table IV (25% 0510/75% SU-8 at 100% IPH) 
provided an apparent Tg of 2440C (470oF).    The TMA curve of a 350oF cured resin 
from a prepregging mixture (10% 0510/45% SU-8/45% 438 at 100% IPH) is shown in 
Fig'ire 4 (Curve A).    A softening (under load) is apparent over the temperature 
range of si50° to sl950C, with the DTUL occurring at =200^ (390oF).    Further 
cure of another specimen at 400oF results in the initial softening at sl950C 
(390oF) and subsequent apparent DTUL at s2250C (430oF) (Figure 4, Curve B). 

d.    Prepreg and Laminate Fabrication Studies 

Hot melt prepregging procedures were straightforward. Thornel T-300 fiber was 
pre-coHi mated and hot-knife coated with the resin mixtures described above at 
190°F. Consolidation using the vacuum hot table was similarly quite facile at 
18ü F. Subsequent formulations were prepregged using similar procedures. The 
drape and tack characteristics were not quantitatively measured but merely 
given simple qualitative evaluation.    All were acceptable. 
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TABLE IV 

EFFECT OF CURE SCHEDULE AND STOICHIOMETRY ON EPOXY 
RESINS CURED WITH WET GROUND ISOPHTHALHYDRAZIDE 

No. 

i 

2. 

3. 

4. 

5. 

Resin 

X-801 

0510 

XB-2818 

XB-2793 

25« 0510/75« SU-8 

35« 0510/65« SU-8 

StoicMometry 
(« Theory) 

100 
100 

95 

100 
100 
100 
100 

100 

100 

100 
95 
95 
90 
90 

Cure Temp and Time, hr 
(gel time In minutes) 

25C0F 300°F     350"F     400°F 

1.5(50) +1 +1 

7. 10« 0510/45« SU-8/ 
45« 438 

100 
100 

2 25) +1 +1 
2 25 +1 +2 
2 25) +1 +1 + 1 
2(25) +1 +2 +2 

2(75) +1 +1 

1(35) +1 +1 
1(35) +1 +1 +1 

1 35) +1 +1 
1 35 +1 +1 + 1 
1 35 +1 +1 
1 35 +1 +1 + 1 
1(35 +1 +1 

2 65 +1 +1 
2 65) +1 +1 +1 

Distortion Temperature 
Under Load (450 psi) 
CF)   (from TMA) 

N/A 
N/A 

340 

240 
230 
320 
310 

470 
455 

385 
390 
365 
400 
300 

310 (390)*** 
375 (430)*** 

*0estructi ve exotherm 
**Sample decomposes, blisters and darkens 

♦»»Subsequent transition occurs at this temperature 

i 
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Cure of the laminates were generally the same with slight adjustments for 
different resin characteristics (o.(j., flow and gel time). Table V outlines 
the various formulations evaluated with pertinent data included. The first 
entry (Table V) was not successful due to Insufficient flow and premature 
gellation at the preliminary gel  temperature (250oF). 

Cures were carried out in a trap mold under a vacuum bag in the press.    The 
stacked prepreg was in a bagged mold and inserted in a preheated 250oF press 
under full vacuum as shown in Appendix A.    The vacuum was released after the 
2750F gel period and the system vented to the atmosphere.    Pressure was applied 
after a«20 minutes at 250oF. 

As shown in Table V, excellent RT properties were obtained but the 350oF per- 
formance was disappointing. The following explanation is offered.    The bleeder 
ply (external to the mold) was partially saturated with resin during the gelling 
procedure.    After the preliminary cure (350oF), this material was still not 
gelled.    In fact, the resin between the side-walls of the mold and the laminate 
itself was only partially cured. The most obvious explanation lies in the 
particulate nature of the finely-ground curing agent which in effect is 
filtered (left behind) by the fiber reinforcement during the initial consoli- 
dation in the press.    This results in a serious upset in stoichiometry with a 
calculated 52.8% excess curing agent in the laminate based on net resin loss 
due to flow and assuming no loss of curing agent. 

LX-185 represents an attempt to alleviate this problem where the resin/curing 
agent stoichiometry was upset to allow for the calculated resin loss.    Un- 
fortunately a greater resin flow was experienced due to the lower curing agent 
loading level.    Similar calculations to those above indicate 22.5% excess 
curing agent in the cured composite. 

: 

e. 3,3,-Methylenebis(benzhydrazide)  (MBBH) 

This bishydrazide, which was expected to have much better solubility characteris- 
tics than the IPH and TPH systems previously evaluated, was prepared by the 
following reaction sequence. 

-OH 

Q | +    CH20(H20) 
H+ HO„C. CO2H CH^OH 

H 

H3C02C- -lorvtor00^ ^ v^-^gp,-^ 
0 
11 

—CNHNH, 

MBBH 
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TABLE V 

LAMINATE DATA FOR THORNEL 300/EPOXY RESIN SYSTEMS 
CURED WITH ISOPHTHALHYDRAZIDE 

Prepreg Data 

Resin    IPH  Prepreg       Cured 
Laminate Formulation Stoichl- Resin   Cure  Resin Fiber  Void 
Number  {% by Wt.) ometry  Content Schedule Density Volume Content HP 

LX 182 

Flexural Strength/ Interlaminar 
Modulus Shear Strength 

(ksi/psi x 10s) (ksl) 
35FF       ftT 3508f 

45% SU-8 
45« 438 
10« 0510 

100« 44.3 1.23 

LX 183 

LX 185 

22.5« SU-8 
67.5« 438 
10« 0510 

20% SU-8 
68% DEN 438 
12« 0510 

100% 

65« 

40.8 

40 

A 
B 
C 
D 
E 

A 
F 
G 

1.24      58.7 Nil 197/19.0 

1.24      63.8       Nil        246/20.5 

34/13.5    8.8 2.0 
59/15 3.4 

3.8 
3.7 ; 3.8 

24/8.3     7.9 1.0 
61.5/11.9 3.7 
50/8.5 2.9 

A - One hour' at 250oF + one hour at 2750F (vacuum removed) + one hour at 300° + one hour at 350oF under 
100 psi 

B - A + one hour at 400oF 
C - A + 3 hours at 3750F 
D - A + 6 hours at 350,,F 
E - A + 6 hours at 3750F 
F - A + 15 min at 400oF + one hour at 420oF 
G - A + 15 min at 400oF + 3-1/2 hours at 420oF 

16 
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The white crystalline product (nip 204oC) was mixed, in stoichiometric amounts, 
with Epon 828 and placed in a 250oF oven. After one hour the curing agent had 
settled to the bottom with no evidence of reaction having taken place. 

The settling of the curing agent at temperatures where the resin viscosity 
becomes very low has been overcome previously by wet grinding (hexane) to a 
nonsettling suspension.   The small amount of material (5 g) synthesized re- 
quired the use of a micro-blender which was found less efficient than the larger 
counterpart (larger particle size).    Twelve hours in the micro-blender failed 
to reduce the particle size sufficiently to prevent the settling at 250oF. 

A rerun of the 250oF exposure resulted in some improvement in the settling 
characteristics but not adequate for production of a high quality laminate. 
Increasing the temperature to 300°F resulted in marked solubility improvement. 
After only a few minutes at 300oF the curing agent was completely dissolved. 
The resulting clear solution was stirred to insure adequate mixing and allowed 
to remain at 300oF for 2 hours.    It had not gelled but had thickened somewhat. 
The temperature was increased to 350oF and held for 2 hours and still the 
system had not cured. 

Figure 5 is the DSC curve for the MBBH/828 resin mix. An initial scan was 
interrupted at 200oC and the specimen examined for curing agent solubility. 
Even though there had been an obvious cure exotherm, although relatively small, 
the material (while clear) was not gelled.   The extremely sluggish nature of 
this particular bishydrazide isTn sharp contrast to the IPH system evaluated 
previously. 

4.    Amino-benzhydrazides as Curing Agents 

The obvious difficulties encountered in the processing of IPH cured epoxy 
graphite composites could probably be overcome with at least two approaches. 

The first is simply an extreme reduction in particle size to avoid the 
"filtration" effect of the fibers.    The requirements for particle size and 
distribution, which are unknown, must be determined by a trial and error method. 
Fine grinding can be done on as small as five pound batches by the Trost Company 
in Boston.    Separation into selected size ranges can be done at the Majac Corpo- 
ration facility in Oklahoma.   Since this approach has a very large degree of 
uncertainity, a chemical modification proved more expedient. 

The second approach consisted of using a hydrazide which would be more soluble 
in epojv resins at elevated temperature.   Thus, at those temperatures where 
maximum flow might occur, the curing agent would be in solution and not fil- 
tered by the fibers. Synthesis and evaluation of MBBH yielded the unexpected 
results above. 
The three compounds below have a higher functionality than the IPH (lower 
equivalent weight) and the amine portion of the molecules, expected to be more 
efficient in curing epoxy resins than hydrazides.   They were expected to be 
virtually Insoluble in epoxy resin blends at ambient temperatures. 

mniiu^SIMliiiimuit. 
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rNHNH„ 

p-amliiobcnzhydrazldc 
(PABH) 

C^NHNHj 

Or-amlnobenzhydrnzlde 
(OABH) 

m-«ml nolic ii/liydmzl Je 
(MABH) 

a.    £-Aminobenzhydrazide (PABH) 

This curing agent.(mp 220oC) prepared by the following reaction .was wet ground 

Q 

PABH 

^NH^y-coc^ II.  N2HA W-®1 0 
II 
CNHNHn 

in hexane and preliminary evaluation was carried out using Epon 828.    Stoichio- 
metric amounts of curing agent became soluble at 140oC and a clear homogeneous 
casting was obtained.    Figure 6 is a DSC scan of the ^2a/PABH system. 

When the resin mix described above was catalyzed with PABH and cured under 
similar conditions, it gelled in 5 minutes at 140oC although the curing agent 
was not completely dissolved.   The solubility characteristics and gel times of 
PABH in stoichiometric amounts were then determined on the various resin components 
with the following results. 

Celanese SU-8 
Dow DEN 438 
CIBA-Geigy 0510 
75% 438/25% 0510 
50% SU-8/50% 0510 
50% 438/25% SU-8/25% 0510 

Gel Time at Clear Casting 
140oC Achieved 

5 No 
12 No 
5 Yes 

11 Yes 
6 Marginal 
9 Marginal 

m 

;'>:' 

The room temperature viscosity characteristics of the above resin mixes were 
not sufficient for quality prepreg so an additional high viscosity resin, DEN 
439, was added as a viscosity modifier.   This was not expected to substantially 
detract from the resin performance. 

The final formulation which was derived from a series of trial mixes exhibited 
a good combination of properties which included room temperature viscosity, 
solvent characteristics (for PABH) at 140oC and anticipated elevated temperature 
strengths.   The formulation was: 

19 
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40% DEN 438 
30% DEN 439 
10« SU-8 
20% 0510 

Gel time at 140oC was 7 minutes with a clear casting obtained, 
the DSC scan of the above. 

Figure 7 is 

A small quantity of Thornel prepreg was prepared by hot melt coating the above 
formulation with PABH at 100% stoichiometry. A laminate was prepared in a 
press autoclave as shown in Appendix B. The layup was inserted into a 2250F 
press, 6 inches of vacuum was applied and held there for 15 minutes. This was 
followed by raising the temperature to 2850F and applying full vacuum. After 2 
minutes at 2850F, 100 psi pressure was applied and the vacuum bag vented. Cure 
was 1.5 hr at 2850F plus 1.5 hr at 350oF under 100 psi. 

Particles of curing agent were visible in the cured laminate. This unexpected 
result was traced to the difference in thermal history between the casting and 
the laminate. When an attempt was made to gel a 5 g mass at 2850F, an almost 
destructive exotherm occurred to 550oF. The higher temperatures obtained in 
bulk casting undoubtedly caused better solubilization of the curing agent. The 
maximum temperature reached in the laminate was probably not more than 250F 
above the gel temperature due to the heat sink effect of the fiber and mold 
mass. Interlaminar shear strength at 350oF was disappointing with the following 
results obtained: 

RT 
350oF 

11.6 ±0.8 ksi 
2.9 ±0.2 ksi 

b. o-Aminobenzhydrazide (0ABH) 

COC2H5 xs N„H, 
2  4 

OABH 

The purified material (mp 1240C) was cured with Epon 828 In stoichiometric ratio. 
Figure 8 is the DSC scan of the system. The onset of cure Is at 100oC where the 
curing agent is solubilized. A clear almost water-white casting was obtained. 
Figure 9 is the DSC scan developed with the OABH and a laminating resin composed 
of 68% DEN 438, 20% SU-8 and 12% 0510. A clear cured resin is obtained in this 
instance also. 

A Thornel 300 laminate was fabricated using the standard laminating formulation 
cured with OABH in stoichiometric amounts. ■ ■-.■ 
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The solubility of this material in the devised formulation is such that hot melt 
coating is not practicable.    Premature gellation at 150aF occurred when the 
cata Jzei rSnPsystem was degassed.    Solution (MEK) P^P^Q^g was accomplished 
mjite readilv     Surprisingly a prolonged gel time is required for laminating 
Purposes     The s^le mixedVesin/curing agent combination required only seven 
KSs at 250oF tb give a clear casting (thin film) while the solut!on coated 
prepreg required a longer time/temperature schedule for gellation: 

30 min at 1650F 
plus 15 min at 200oF 
plus 15 min at 250oF 
plus 15 min at 300oF 
plus 5 min at 350oF 

The necessity for prolonged times at high temperatures for ^"EK treated system 
is not understood at the present time.    Since we could ^Wtallize OABH at 
east three times from MEK with over 90% recovery each time (15 ^te boil in 

solution) we may assume negligible reaction between the prepregging solvent and 
the curing agent. 

The laminate properties are reported in Table VI (LX-188).-   Excellent room 
temperature properties were obtained but inadequate strength ^tention at 350 F 
was again apparent.   This laminate did not demonstrate the hoped for effective- 
ness of the hydrazide cure in 350°F performance, 

c.    m-Aminobenzhydrazide (MABH) 

+    N2H4 

-NHNH„ 

MABH 

1 i 

mo 

The crystalline monomer melts at 940C and is quite soluble in jnd active with 
either warm (120oF) 828 or the standard resin mix.    Figure 10 is the DSC scan 
of tSe S/828 system at 100% stoichiometry     Flow 1ife. Js,en^

e^^8|
u

8
ffered 

from the ready solubility.    A flow life of <4 weeks was obtained with 828. 

5.    4,4'-Diami nodiphenylsulfone (DADS) 

The previous sections have described the investigations centered around bis- 
hydrazides and amino-hydrazides as latent curing agents for f0^,^."S.    The 
resin flow-life characteristics developed by the ^^Pf^J^lflliS*«!« 
of the various candidate hardeners range from essentially indefinite to relatively 
short (s4 weeks).   Unfortunately, the outstanding shelf life made available by 
use of these curing agents was more than off-set by the inadequacies in compo- 
site performance at 350°F. 
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As stated in the objectives, our charter was to provide the desired 75 day 
flow life coupled with state-of-the-art composite properties and prepreg 
characteristics.    State-of-the-art is represented by Narmco's 5208/T300 
system, presented in Table VII. 

TABLE VII 

"STATE-OF-THE-ART" 5208/T300 COMPOSITE PROPERTIES 

Rameo Product  Bulletin 
Flex            loterUnlnar 

Strength,           Shear, 
k«i                     pal 

IITRI* (Batch 53) 
Taat Flax 

Strength, 
kit 

Intcrlaminar 
Shear 
kal 

In Plane 
Shear 

KC 304                     17.8 247 15.9 9.7 

260 .. 227 12.5 7.2 

350 242                      9.9 196 •.9 5.5 

Uta. 1000 hr Expoaure to 987. RH 

IT 

260 

Flax atrangtha net 
■eaaurcd 

U.3 

1.9 

9.7 

6.1 

3S0 4.3 M 
tfm }00 hr g MOT 

IT 13.» mm 

350 7.9 • m 

* HTM Contract Mo. r33(615)-73- C-512Si prlv ata coaminleatten with 
Ken Hafer 

Concurrently with the work on hydrazides, studies were proceeding on aromatic 
diamines which would possess the required solubility and reactivity paranieters. 

It was felt that an attenuated reactivity would prove advantageous in alleviating 
the sometimes runaway cure reaction exotherm which invariably occurs when the 
suspended curing agent is solubilized at higher temperatures. 

A second, and perhaps more important reason, becomes apparent when consideration 
is given to the cure of large parts in an autoclave.    Severe non-uniformity of 
the heatup rates will be a natural consequence of the various part geometries 
and oven configurations.    If the cure reaction proceeds at a fairly rapid rate 
at the initial gel temperature, then it becomes quite possible that a particular 
area on a large part (e.g., a thin section) may reach the cure temperature con- 
siderably before a thicker section and could conceivably pass through the gel 
point before pressure is applied. 

The desirable combination of room temperature insolubility, demonstrated effi- 
ciency in epoxy cure, and attenuated reactivity is found in DADS. 

The "standard" resin mixture used in the hydrazide work above was used in the 
subsequent evaluations of DADS as a latent curing agent.    The composition of this 
"standard" resin is shown below. 
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Dow 
Celanese 
CIBA-Geigy 

Resin Component 

DEN 438 
SU-8 
0510 

£bw 

68 
20 
12 

The effect of substituting the trifunctional CIBA-GeTgy 0510 (N.N.O-tnglycidyl- 
D-aminophenol) at the 12% leveTwTth difunctional resins is described in Table 
hll     Two laminates from the "standaH" resin formulation (hot me t prepreg) 
are also described.    The resin formulations which used DER 332   mo ecularly 
distilled diglycidyl Bisphenol A) {LX-189 and 191) or DER 331  (LX-192) in 
place of 0510 resulted in generally lower strengths at 350 F. 

Table VIII describes the various blends, cure schedules and prepreg preparations. 
The solution coated prepregs (LX-189, 191 and 192) lose their useful flow life 
in abSut 3 5 weeks.    The retained samples of LX-190 prepreg had an approximate 
6 week flow-life, while the prepreg used to prepare LX-193 showed an approximate 
8 week flow life (LX-193 was hot melt coated at a lower temperature, 160 F vs. 
180oF). 

The laminate data also includes elevated temperature strength retention proper- 
ties after 1000+ hours at 120oF and 95+% relative humidity.    A significant 
difference between IITRI data and the current aging procedure liesjn the tempera- 
ture of humid aging exposure.    Our accelerated aging is carried outJ* 120 F. 
while IITRI data was acquired after room temperature exposure.    Correlation or 
data is not directly applicable until studies are/un to establish the expected 
differences in pickup rate and property loss at elevated ^Perature.   At this 
juncture, it may be stated that the humid aging schedule at elevated tempera- 
tures results in a significantly greater property loss. 

Table VIII lists the Initial properties and those values obtained after the humid 
aging period.    Elevated temperature values were obtained with no dwell period at 
the test temperature.   This "no soak" condition was chosen to preclude any 
property regain as might be experienced by partial drying of the composite. 
The reported values show good retention percentages.   There was some evidence of 
softening (induced thermoplasticity) which is particularly evident in the lowered 
modulus of the flex tests. 

Moisture weight gains in the humidity cabinet, with time, show greater than 
90% of the final equilibrium value is reached after   500 hours exposure 
Table IX lists the 500 hour and final  1000 hour weight gain percentages for 
the various laminates and specimen geometries. 

TABLE IX 

MOISTURE PICKUP {%) OF LAMINATE SPECIMENS 

fr—lint« Ha. 

U-189 

U-190 

u-m 
1JC-192 

rinunl Strength 
8o«clmc(H 

500 hr      1000 hr 

IntarlMlnar 
8h«*r So«clm«n» 
SOO hr      1000 hr 

0.87 

1.09 

0.9« 

1.10 

1.02 

1.0S 

1.09 

0.97 

1.03 

l.U 

1.12 
1.02 
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6.   Alternate Resin Systems 

The base resin formulations above were derived from considerations of four 
basic requirements: 

a) demonstrated thermomechanical performance 
b) viscosity and flow properties to provide suitable prepreg drape and 

tack when mixed with an "insoluble" curing agent 
c) solvent characteristics to provide long room temperature out-times 

coupled with moderate temperature solution of curing agent 
d) cost and availability 

CIBA-Geigy MY-720 (formerly CIBA 8183/137) is a 350oF performance resin system 
which according to the manufacturer is now stable at RT for prolonged periods. 
The idealized resin structure shown below (tetraglycidyl-4,4-methylenedianiline) 
would be expected to yield high modulus, high heat deflection temperature resins 
with improved moisture resistance when cured with suitable hardeners. 

CH„ 
A 

CHj-CH 

A 
CHj-CHCH2 

> .0>MO 
A 

^qHjCH—CH2 

N     A 
CHjCH—CH2 

N.N.N'.N'-Tetraglycldyl- 
4,4'-methylenedlaalllne 

Busso, Newey and Holler (Shell Development Co., AFML-TR-69-328) have shown that 
the mole percent oxygen content of crosslinked epoxy resins cured with m- 
phenylenediamine has a linear relationship with the % water pickup in a^8 day 
water soak cycle. 

The considerations for base resin formulations listed above favorably apply in 
this instance with two exceptions: 

1) the viscosity of commercially available MY-720 is too high for 
"insoluble" curing agent admixture 

2) the solvent characteristics for insoluble diamines, etc., of this 
particular resin required demonstration. 

7.    MY-720/DADS System 

a.   MY-720/DADS Composite Data 

A Thomel 300 reinforced laminate using CIBA-Geigy MY-720 cured with DADS at 
951 stoichiometry (MEK solution coated prepreg) was fabricated and tested to 
provide baseline data (Table X).   At this curing agent loading level (47.1 phr) 
the MY-720 resin system is not suitable for hot melt prepreg preparation 
without viscosity modifiers. 
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TABLE X 

MY-720 CURED WITH 95% DADS/THORNEL 300 COMPOSITE 
(Laminate No. LX-194) 

'M, 

«••I« MM 
C»M«M cur« OMant 

«> lch><ult flQ 

*7.S A «0.1 

Ft mural 
ribar     Strtngth/Hodulut 

Volua«       lut/pii ic 10» _^ 
—ffiL       JL        jEl       InttUl      Inttl«^ 

InUrlmlwr Shear Strtwth flti» 
3i0'f 

RT 
130 hr     500 hr 
■UBtd®   Hu«ld(P 

1000 hr 
® 

•9.3       3M/22.S 183/23.4       14.3 7.2 3.7* 4.6** 3.3*** 

* 0.291 might ineraaaa 
** O.dt walghc Ineraaaa 

*** 0.821 valght Ineraaaa 
<D  120*r axpoaura at 9«n IB 

The relatively high fiber volume in this laminate is reflected in the exceptionally 
high flexural strength/modulus values which, of course, are direct functions of 
fiber volume and fiber tensile properties.   The interlaminar shear strength values, 
including   the elevated temperature humidity conditioned specimens, were very 
encouraging. 

b.    Viscosity Requirements and 350oF Performance 

This particular combination of resin/curing agent Is not suitable for hot melt 
prepreg preparations.    Alternate lower viscosity multifunctional resins which 
would suitably lower the apparent viscosity of resin/curing agent include CIBA- 
Geigy 0510, Shell X-801 and diglycidyl aniline which was synthesized In our 
laboratories. 

>   i 

^CHjCH—CHj OJ—^CBJ 

, I.R'-dlilycldyUnillM 
(DM) 

Thermomechanical tests most economically reflect the elevated temperature 
characteristics of these reactive diluents in the MY-720.    As seen later in the 
report, the 0510 provides the least loss of mechanical strength and appeared 
the most promising. 

The approximate upper use temperatures of the lower viscosity resins cured with 
DADS in 1005S stoichiometric ratios and as blends with MY-720 are shown in Table 
XI.   As expected, the reactive viscosity modifiers lower the upper use tempera- 
ture, by reduction in crosslink density, as their concentration In the MY-720 
Is Increased.   The MY-720 alone with its measured 240oC upper use temperature 
Is approximately 250C higher than that obtained on the resin systems used to 
prepare the composites presented In Table VIII (cure Schedule B). 
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TABLE XI 

Realn (pbw) 

100 
10 
20 
30 

DTUL 

240 
230 -- 100 
237 90 10 
234 80    20 
231 70 30 
223 
217 90 
212 80 
210 70 
120 
207 90 
192 80 
181 70 

All samples degassed and gelled at 
350°P and 4 hr at 400°F 

c. Flow Life and Latency 

tics: 

250° F 

100 
10 
20 
30 

followed by 1 hour at 

Resin System 

DGA/DADS 
0510/DADS 
X-801/DADS 
MY 720/DADS 

Onset of 
Cure 
0C* 

155 
125 
125 
130 

Peak 
Temp 
0C 

225 
215 
215 
240 

Termination 
Temperature 

250 
275 
275 
270 

* Scan rate 10oC/min 

nncet of cure corresponds to essentially complete solubilization of the sus- 

indicated latency would not be sacrificed. 

d.    Purification of Commercially Available DADS 

The DSC scans in Figure 11 show the melting endotherms of commercially available 
DADS and thoe obtained after ^crystallizations (from Äthanol)     The upper 
two swns are from two separate sources.   The lower two a^ f^m °n%?n^JW0 

Crystallizations from methanol.   The literature meltmg point is 176.5 C. 
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1 i 
These four samples were ground (dry) to pass 400-mesh sieves and were 
mixed with MY-720 resin at 100% stoichiometry to determine the effect of 
diamine purity on flow life. 

The useful out-time is a direct function of apparent purity (mp by DSC).    The 
as-received material Is limited to s8 weeks, with the doubly crystallized mix- 
ture still showing flow after 13 weeks elapsed time. 

e.    Stoichiometry Variation of MY-720/DADS System 

A brief study of stoichiometric variation in the MY-720/DADS system yielded 
interesting results.    The ultimate DTUL of cured resin is only moderately 
affected by as much as a 50% upset in the NH/epoxy ratio. 

Table XII lists the measured deflection temperatures with various stoichiometries 
using doubly recrystallized DADS. 

TABLE XII 

DEFLECTION TEMPERATURE UNDER LOAD 
(450 psi COMPRESSIVE) 

OF MY-720 CURED WITH DADS 
IN VARYING STOICHIOMETRIC RATIOS 

■■i 

DTUL Stoichiometry 
(0C) (%) 

240 100 
232 90 
230 80 
230 70 
228 60 
220 50 

The amount of curing agent added naturally affects the effective viscosity of 
the matrix mixture; i.e., the less curing agent added, the lower the effective 
viscosity.    Similarly, the effective out-time is lengthened for two reasons: 
(1) lower temperatures are required for hot melt impregnation, and (2) less 
curing agent is dissolved (concentration effect) during the impregnation pro- 
cedure. 

f.    Laminate Fabrication 

Using the above data as guidelines, four Thornel 300 reinforced laminates were 
prepared using MY-720 (+ 0510) and DADS at 100% and 75% stoichiometry levels. 
Table XIII presents the initial laminate data. The lower fiber volumes in the 
last two entries, of course, strongly influence the flexural strength and modulus 
values.    Of particular interest are the retention values of 72% and 68% of room 
temperature properties at 350oF. 
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g.    BF3MEA Catalyzed 

A most obvious means of obtaining improved elevated temperature performance and 
yet maintain equivalent processability and mechanical performance is in co-curing 
with an "acid" system. 

Boron trifluoride-monoethylamine complex (BFa-MEA) has long been used as a latent 
catalyst for moderately high temperature performance epoxy systems.    We did not 
expect an appreciable difference in latency to occur when commonly used glycidyl 
ether based epoxy resins were replaced with glycidyl amines as are found in 
MY-720. 

> 

0-CH2-CH -  CHj 

0 
/\ 

^CHJ-CH-CHJ 

Nm--CH-CH, 

Glycidyl ether 

Dlglycidyl amlne 

Instead of the expected latent characteristics we found an acceleration of cure 
rate at room temperature. For example, all the MY-720/DADS systems have consis- 
tently shown >8 weeks flow life when doubly crystallized -400 mesh DADS is used. 
The flow life generally lengthens with a reduction in loading level so at 50-60% 
stoichiometry, flow life in excess of 13 weeks is obtained. 

When BFa-MEA is admixed with the DADS cured (50% stoichiometry) MY-720/0510 
(94/6) system, a reduction in flow life occurs.    The reduction in flow life is 
approximately proportional to the concentration of catalyst where the effective 
viscosity of the heterogeneous mixture increases very slowly over a prolonged 
period.    Mixtures showed steady buildup in viscosity over the elapsed test period. 
The samples with 1% catalyst (based on resin) effectively lost the usable flow 
life in 34-5 weeks while others at lower concentration (e.g., 0.4-0.6%) were 
still usable after a ten week period, with marginal usage after about 13 weeks. 

The surface of the exposed resin/curing agent/catalyst (1%) mixtures should be 
mentioned since there is an obvious difference with the bulk of the underlying 
material.    Advancement apparently proceeded much more rapidly at the surface; 
most probably due to an acceleration by absorbed moisture.   The moderately 
hygroscopic nature of BF3-MEA undoubtedly contributed to this difference. 

The surface material (<1 mm thick) is readily converted to a fluid state upon 
application of only moderate heat.    120oF is sufficient to bring about very 
acceptable viscosity for drape and tack requirements.    Only a very slight 
difference in gel time is detectable between this surface material and that 
underlying the surface. 
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The reduction in out-time may probably be attributed to two factors:  (1) the 
epoxy ring has a higher electron density due to the replacement of the more 
electronegative oxygen atom in the ether moiety with nitrogen, thus making it 
more susceptible to electrophilic attack; and (2) there is undoubtedly a signi- 
ficant increase in overall basicity due to the incorporation of nitrogen as a 
replacement for oxygen in the linkage to the aromatic substrate.    This increased 
basicity may be reflected in a lowered energy of dissociation for the BFß-MEA 
complex (solvent effect) thereby reducing the out-time. 

h.    Alternate Lewis Acid Curing Agents 

We screened a number of alternate    catalyst systems with the ultimate goal 
described previously; to increase epoxy-epo^y reaction to yield a more tightly 
crosslinked system with improved elevated temperature performance at no sacri- 
fice in effective flow life. 

Differential scanning calorimetry provided useful data in comparison/screening 
tests by establishing the various cure initiation, peak and termination tempera- 
tures. 

Table XIV below lists these temperatures for some representative formulations 
evaluated in this study. 

TABLE XIV 

DEFERENTIAL SCANNING CALORIMETRY CURVES FOR 
VARIOUS RESIN/CATALYST COMBINATIONS 

SCAN RATE 10oC/MIN 

"-. ■. 

Resin 
Type 

MY 720 

MY 720/0510 

MY 720/0510 

MY 720/0510 

MY 720 

MY 720 

MY 720 

MY 720 

pbw/pbw 

100/-- 

94/6 

94/6 

94/6 

100/- 

100/-- 

100/- 

100/- 

Curlng Agent 
Type/pbw 

None 

DADS/26.7 

None 

DADS/26.7 

None 

None 

None 

None 

* Double peaked exotherm 

Catalyst 
Type/pbw 

None 

None 

BF3.MEA/1 

BF3.MEA/1 

Zinc llnoreslnate/2 

Zinc 11nores1nate/3 

Manganese " /4 

Copper    "  /a 

Initiation 
Temp 
«c 

Peak 
Temp 
"C 

319 

Termination 
Temp 
•c 

250 345 
160 274 290 
95 140 225 
95 140 — 

*  210 240 
170 280 305 
160 275 300 
170 270 310 
225 304 310 

r r s:: 
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A casting was prepared from the following formulation: 

MY-720 
0510 
DADS 

Zn linoresinate 

94 pbw 
6 pbw , 

26.7 pbw (50% stoichiometry) 
3 pbw 

TMA results are shown below with the DTUL determined under a 450 psi compression 

load. 

Cure Schedule 

2-1/2 hrs at 270oF 
plus 2 hours et 350°F 
plus 4 hours a-. 400°F 

DTUL 

370oF {180oC) 
4650F (240oC) 

Th0 »nHrWed imorovenient in DTUL to equal that obtained with 100% stoichio- 
Sr^D^foading^as fratifjing and efforts were promptly redirected toward 
composite performance evaluations for this system. 

8.    Laminate Performance 

Two T-300 reinforced laminates were prepared to establish initial thermomechanical 
properties and begin accelerated humidity and heat aging studies. 

THP first laminate {DX-203) was designed to serve as a baseline measure of the 
r^sin Derfo?mance     Prepreg preparation was as follows:    The various components 
Tf thePres?n m xture ^fe mixed'at 270°F and held at that temperature for J30 
lutes to completely dissolve the -400 ^f ^f ^r!^5^     Z   0

DJ   '^   ^ 
deaeration. the clear solution was then hot melt (150 l^ "ff ^^ ™ „! " 
£nm\ «n Muiar film     After transferring the coated Mylar to a 12-1/^ in. aia. 
fdr m   the^SOo'l Ker was ^^^^"into thl cold resin at 24 6 tows/inch   the over- 
wrapjed film was slit and removed from the winder, covered with another piece of 
l^lar film and squeeged on the heated vacuum table at 150 -ZOO f. 

The second prepreg (DX-201) was processed at <140oF throughout to minimize 
solubility Sf the suspended curing agent.   No deaeration was attempted and the 
heterogenous film pulled to a 13 mil thickness.   This procedure will serve as 
a benchmark for any further processing studies. 

Six by six inch laminates (12 ply) w^^P^P^^^iS^n^iSn^iS^thlTertinent previously described.    The following tables (Table XV and XVI) list the pertinent 
data along with target properties  (NARMC0 5208). 

nur- orimarv obiectives were achieved in this composite where virtual equivalence 
?o the Seance 5208/T-300 performance was attained.    Humid aging studies show 
eSen sirghtlmprovement in moisture response while prepreg out-time was found 
to be on the order of 13 weeks duration for the heterogeneous system. 

I 

»M 

a 
1 

 .  kiiü .ijiaii 



*?SWtiwews»»<?nm«,-is..r 

■§ c 
o> 01 

>. 0) 
i. u 
0) K 

Ol ■M 
01 c c 
i. •* 0) 
a. in ■tJ.-s 
<u 01 c »« 
u ee. o>- 

BL o 

S v. u 
o oi c 

H-  Q.>-i 

c 
O  01 

•M   3 

£ 

c 
a> 
t. 

ia > 
0)< 

s- in 
« J^ 
c 
E 
a 

I 

■ en   . o    • »o 
oo in co IA co in 

«s- >— «■ »o  I 
• IO    • tn   i 

in      o> 
l-l        ui     »o SI        »-     »- 

o 
en 

a _ - ■ ia o< n 

EG 

W 
M 

«s •o »)—, 
1- 01 E ci- < ■- JrC •;: CO 3 n- <J E f— 

3U. ■,-w 
o Q. ■c 
LU 1- 
QC 
O. 
LU 
a: ■o 
a. 

9 

D
ea

l r
e 

i 

ftc o 
K  010 PI 

E-H 

m     z 

0) >. 

o 
CM 

CO—»CO'^   l '-. 
r— n ^- o  i os 
o *-^ oo-—* *p "-^ 
»     r«.     * 

c 01 0) o a *> 
—^ n» --> lO 

■u — to c IO c 

5| * (O 1^   Ul * to r« « 

§•2 
,o 

O»        CM   01 

O              g 

OS         CM   0» 

u. (M                      •!- CM                -r- 
r>.ooif- I^O l>1 r- 

1 f- o 1   r- O 

iSS5 ^SSrS 

JS 
«0 pa» o 
e   • o o 

ii CM 
1 

CM 

« X X 
_j (9 o 

i— Q 
10 <? 
J- -f- 
3   VI 

C -O v 
r- 4->M 
o c 
> o 

o 

.O   3—« 

00 -^00--« 
— r- a 

>^00 — 00 i 
i—— m—- 
P» o 
CM CM 

00 oo 

00 00 , 
r—   ~» "*> 
o r«. r-. 
«3 m «J- 
CM CM CM 

to 

c c 
■-  41 — 
in *> a« 
oi c^- 

kx o o 

l! 

IS 

§ 
CM 
IO 

o 
CM 

1- 
3 
O 

c 
ID 

£-i 
a. 

o 
+J CM 

c 
QU. 
OO 

O OI 
i- in c 
01  <*>•!- 

|o| 
3 4J   « 

4-) 
Ul V   VI 
0) S-   I 
•U 3   01 
3 ■!->   0) 
C IS   I. 

•1- I. >»- 

o 
to 

'O 
o 

0I< 
V) 
is -w 
0)  10 

O   Ul 
C   k 

OJ t. TJ- 

3 10   0) 
4-> J. 
10 O  3 
I. <4->   (J 

n: 

c 

o 

0) 

I 
2! 

4J   Ul 
c o 
01 OL 

01 • . 
Ul -r- 01 
10 Ul £. 
01 O. 3 
1. Ul 
u in vi 
c f>. oi 

■i-      s- 
>>Q. 

• r— 
Ul   O. t. 
vi a. oi 
ai <a "o 
i. c 
a. • 3 

ui 5|5 
O 3 O 
U  C U 

c E 
ou. 

"OO 
Q.r- O 
3     in 
I "O M 
>l^- 

3 
C 

o 

I 
Q. 
01 
u 
X 
01 

Ul 
ID 

5S 

j 

| 
m 

m 
( 40 

y •rrs .-I^—I ——————^ , ^^ 



1 -1 1 «"P ■«-•■■w 

a. Heat Aging Studies 
Flexural specimens were aged (air) and tested at 350oF. During the 500 hour 
exposure an almost negligible weight loss in both laminates was found. Strength 
retentions at 350°F were exceptionally good. Over 100% retention was found in 
both laminates. These results, coupled with the very low experienced weight 
losses, is sufficient for prediction of long term performance at 350oF. Higher 
temperature use (e.g., 400oF) for shorter periods is certainly feasible. 
Table XVII shows the pertinent data. 

TABLE XVII 

LAMINATE DATA AFTER 500 HOURS AT 350°F (IN AIR) 

/erage Weight Loss Flexura 
After Aging (%) 350°F ( 
~ ~ -—— initial 

Laminate  Average Weight Loss     .  ral    iqt! Modulus at 
Number 

DX-201 

DX-203 

Flexural Strength/Mpdulu! 
350oF {ksi/psi x 10° psi) 

Aged 

0.32 

0.37 

I 

190/18.6 

178/18.5 

206/18.6 

190/18.4 

% Retention 

108 

106 

b. Flow Life '.haracteristies 

The stored prepreg from DX-201  (undissolved DADS) shows only negligible changes 
in drape and tack characteristics after si3 weeks at ambient conditions. 
The ultimate flow life depends on the particular end use application and is 
very difficult to establish precisely.    After 13 weeks the prepreg was not 
boardy but had lost significant tack properties.    Very slight warming (Just 
the heat of the hand) readily restores desirable tack properties.    Prepreg from 
DX-203, where the DADS was dissolved prior to impregnation (at 270oF) was 
beyond its useful out-time after approximately six weeks. 

Prepreg samples (DX-201) which still had the cover sheets in place showed 
slightly less advancement when compared with samples exposed to the atmosphere. 
This slight acceleration in cure, due to sorbed moisture, was expected from the 
known catalytic activity of small amounts of hydroxyl containing species on the 
epoxy cure reactions.    The degree of acceleration, which was unknown for the 
system under study, was slight and did not impose significant restrictions on 
attaining the desired 10 week flow-life. 

c. Moisture Sorption Studies 

Flex and short beam shear specimens were exposed to 120oF at 98+% R.H. for 
moisture pickup determination. Short beam shear samples were removed and tested 
at 350oF periodically throughout the 1000 hour aging studies. 

Figure 12 shows the weight gain (as a % of the total specimen weight) of the 
shear specimens for the two laminates. Specimens from Laminate 203 (dissolved 
DADS) showed a slightly higher rate and ultimate value for total moisture pick- 
up. These greater values, of course, are directly attributable to the slightly 
higher resin volume fraction in DX203 vis-a-vis DX 201 (.342 vs. .329). 
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Fall-off in interlaminar shear strength (at 300oF and 350oF) with time and 
moisture content is described in Figures 13 and 14.   These values were measured 
under a   zero time soak" at test temperature which is a more realistic and 
severe test than the normal  10-30 minute hold at test temperature, as shown 
subsequently. 

Similar moisture sorbtion data for flexural specimens is presented in Figures 
lb and 16, where the moisture sorbtion rate is shown to follow Fick's Diffusion 
Law iproportional to the square root of exposure time) to 380% of the ultimate 
Si* B ux     Vel (1'0-1-2 % of composite weight after 2000 hours at 120oF and 
yo+A K.n./, 

d.    Desorption Measurements 

Measurements of desorption characteristics of moisture laden (1000 hour exposure) 
short beam shear specimens under three different conditions yields interesting 
TfUnrt^n l?Uri/?7/l-0M ^ ^^ of QrH^f weight of sorbed moisture as 
L;TJ •? 0f   n       Flck s Law^    The three drying conditions were 150oF at 
"5% R.H.  (over P2O5). 250oF and 350oF.    All three conditions resulted in dis- 
continuous straight line plots.    This result may possibly be due to water being 
included in the polymer matrix in two distinct "modes", e.g., sorbed directly 
on and associated with the polymer and clusters in occluded "microvoids".   The 
latter segments (lesser slope) were followed to the completion of the drying 
cyces(shown for 350oF).    Extrapolation during the prolonged period at 150°F 
allowed prediction of the time to original dry weight to within 40 hours.   The 

120 hour period required for desorption at 150oF was almost equal to the 
1000 hours required for absorption at a lesser temperature.  120oF at 95+% R.H. 
as expected.    Figures l£70 present the same data as a function of time. 

e 

e.    Test Procedure and Strength Regain Study 

Flexural test specimens were aged for 2280 hours at 120oF and 95+« R H     TK» 
aciing was terminated when no change in moisture pickup was apparent (Juring^he 
VJl ncSi h0ArS\ Th? saturated specimens were tested at 770F. 250oF   300oF 
f*LlZF Unde!; ^ 1n1tlation conditions; immediately after reaching test 

- 

Urenlth Uflfstn^ ^H^ I1™®* re9ains ^ ^rt beam shear oticiiyLii uamg stanaara soak times at various test temnpratumsc     ThQ AA«^ 

were obtained for standard test specimens and that residual sorbed moisture 
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Laminate 
No. 

DX 201 

DX 203 

Test 
Temp 
(0F) 

75 
250 
300 
350 

75 
250 
300 
350 

TABLE XVIII 

MOISTURE LOSS AND STRENGTH REGAIN DURING TEST 
(FLEXURAL) 

Original 
Moisture 

Content m 
1.18 
1.12 
1,11 
1.15 

1.23 
1.25 
1.38 
1.27 

Post-Test 
Moisture 

Content 

m 
1.18 
1.04 
0.92 
0.78 

1.28 
0.97 
0.88 
0.68 

Moisture 
Lost 

During 
Test 
m 

0 
7.1 

17.1 
32.2 

0 
22.4 
36.2 
40.9 

Soak 
Time 
(mln) 

0 
0 
0 
0 

30 
30 
30 
30 

Flexural Strength/Modulus 
ksl/psl x 106 

Original 

260/18.8 (100) 

211/18.7 (81) 
190/18.6 (73) 

258/19.6 (100) 

206/18.1  (80) 
178/18.5 (69) 

After Humid Aging 
(t of RT value) 

278/19.9 (100) 
164/18.2 (59) 
131/16.7 (47) 
83.9/13.6 (30) 

252/19.4 (100) 
170/18.7    67) 
136/14.7 (54) 
92.3/12.6 (37) 

TABLE XIX 

MOISTURE LOSS AND STRENGTH REGAIN DURING TEST 
(SHORT BEAM SHEAR) 

Laminate 
No. 

DX 203 

Original 
Moisture 
Content 
. w 
1.08 
1.07 
1.16 
1.19 
1.15 

Post-Test 
Moisture 
Content 
JM  

.94 

.84 

.71 

.58 

.42 

Moisture Lost 
During Test 

i% of Original) 

13.0 
21.5 
38.8 
51.3 
63.5 

Test Soak 
Temp Time 
CF)  iSJnJ 

300 
350 
350 
350 
350 

0 
0 

10 
20 
30 

Interlaminar Shear Strength    
"—■—    After Humid Aging 

Original     (t of Original) 

9490 
8560 
8560 
8560 
8560 

6050 (64) 
4390 (51) 
4680 (55) 
5170 (60) 
5510 (64) 

I 
i 

1 
sli 

Immm 
■, 

IMK" 
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content and distribution ^^^^^r/^/Slr^oo^.^1- 

Our tost1n9 n^thodolo« Indudes the -tine use »^^^^SnlSS1 

in .11 eleveted te»per.ture rechanlcal M™^^^ from the 
soak time for a '(«^"''"'iJLil^s initiation of the test as soon as 
ÄÄSus ISft thrdlMed te^erature has been reached. 

To c^lete the strength regain characttrlstlcs^ b^.hgr .Jjd^h. 

Ä'Ä »rffi rsofX-Är z«,«,«.« 
presented below in Table XX. 

TABLE XX 

TMTCDI ÄMTNAR SHEAR STRENGTH REGAIN OF HUMIDITY 
SD SSNIAHERTYINS (LAMINATE OX-201) 

Soak-dry 
conditions 

dry (initial) 

dry (initial) 

930 hrs 0 120oF/95« RH 

above followed by: 

1120 hrs @ 150oF 

110 hrs @ 250oF 

11 hrs 0 350oF 

1240 hrs © 120° and 95% RH 

followed by: 

1744 hrs 0 150oF 
34 hrs 0 350oF 

Test temperature.0F* 

RT 

350° 

350° 

350° 

350° 

350° 

350° 

350° 

Interlaminar 
shear strength, ksi 

(ava)  

15.5 

8.3 

4.8 

7.9 (95«) 

7.7 (93«) 

8.1  (98«) 

7.9 (95«) 

8.1  (98«) 

i 1 

nesting initiated when sample thermocouple reached the desired test 
temperature 
( ) Percent initial 350oF number 
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In summary, efforts to date to develop a long flow life prepreg system 
capable of providing composites for 350oF use have been successful.    Through 
this program effort a prepreg system was developed which had a flow life in 

tJe'ornnrP^on'.T1  75 ^    .SeCti0n  II1  0f th1S  "^ ^^ Sulriles the progress on the program and suggests key directions for further research. 
The extensive moisture characterization efforts conducted in the program can 
be summed to provide basically the equivalence of our system to state-of-the- 
art performance of 350oF performing systems.    The strength regain/composite 
drying activities conducted in this program show that the moisture/strength 
degradation process is reversable. ^trcnyun 
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SECTION III 

CONCLUSIONS AND RECOMMENDATIONS 

Successful attainment of project yoals has been demonstrated by achieving 
thermomechanical, humid and elevated temperature aging properties which are 
virtually equivalent to present state-of-the-art graphite reinforced epoxy 
systems.    This has been achieved with a concurrent increase in prepreg 
effective flow-life from the previously allowable two weeks at ambient 
temperature to >12 weeks. 

Demonstration of the effectiveness of utilizing "insoluble" curing agents 
which effect cure upon dissolution at laminate processing temperatures required 
both high purity and fine particle size of the dispersed curing agent. 
Settling of the dispersed phase was overcome by this technique as was the 
"micro inhomogeneity" problem associated with diffusion controlled mixing 
processes. 

This technique may be similarly extended to include other curing agent/resin 
combinations which would perhaps allow even further extension of flow-life and 
improvement in moisture resistance. 

Alternate co-catalysts should be more extensively evaluated for effectiveness 
and concentration allowance. 

More extensive evaluation of prepregging techniques, cure schedules and 
composite performance with the alreadly established formulation as well as 
future developments should allow a fine tuning of the various systems to a 
fully optimized end-product. 

a 
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i « mrniiww ■""^mmmmmm* I II I IW. > ■ 

APPENDIX A 

VACUUM TRAP MOLD LAYUP 

The apparatus for vacuum trap mold processing as conducted on the program 
U skKd on the following page. T^s apparatus provides a method o 
achieve trap mold processing for resin flow control and at the same time 
achieve the advantages of vacuum bag processing. 
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SCHEMATIC OF A VACUUM TRAP MOLD LAYUP 

Heated press platen 

Capram film 
(fits over entire assembly attached 
by sealant to aluminum plate) 

2 plies 181 breather glass 

Trap mold top 

Trap mold rails 

Stacked prepreg 

Trap mold base 

2 piles 181 
breather glass 

Sealant 
(Includes port for vacuum) 

Aluminum plate 

Heated press platen 
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APPENDIX B 

PRESS AUTOCLAVE LAYUP 

A convenient method to simulate autoclave processing on a laboratory scale 
is with a device Aerotherm has named a press autoclave. Press platens are 
used in combination with a steel picture frame to form a cavity which can 
be pressurized by an internal fluid pressure source. Rubber gaskets form 
the seal between the frame and the platens and the pressure is limited by 
the frame design, the strength of the gasket and the press tonnage. Thus, 
if a one (1) foot square frame is used in a 60 ton press one could achieve 
a pressure of 694 psi. Aerotherm typically designs their press autoclaves 
to be capable of 200 psi. The insertion of a steel plate between the frame 
and the bottom platen expands the press autoclave's capability to allow 
vacuum processing as well. This bottom plate is designed appropriately to 
provide vacuum capability. This apparatus is sketched on the following page. 
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SCHEMATIC OF A PRESS AUTOCLAVE LAYUP 

Hotted prus pi.ttn 

Sntcont rubber ml 

AutocUve «vlty (ite<l fran») 
Mlth prtssurt inlet 

Vacuum bagging material  (Capram film, 
silicor.e rubber) 

61»« breather ntttrlal (? plttt) 

Alunlnu« caul plat* 

Teflon release fabric 

Stacked prepreg 

Chloroprene ralli (da*) ca. 0.1' thick 

Teflon release fabric 

Chloroprene tetl-cuihlon 

Autoclave bottom plate equipped 
vlth «acuiM takeoff 

Heated rreti Plate* 

iÜilMfc.,   .... ^ „-J^^ww. 
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A. 

APPENDIX C 

DIMENSIONS OF FLEXURAL AND SHORT BEAM SHEAR SPECIMENS 

r        3.0" 

.5" 

T 
I— 0.080+ 0.080+0.005" 

(.T^rS?SrS-Xc1?;„r)5PeCln,en- U PHe5- ""W™"^ 

r* 6" 

1 
.25" 

DII 

T 
i: 
I 
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APPENDIX D 

SKETCH OF SET-UP TO DETERMINE DISTORTION TEMPERATURE UNDER LOAD (DTUL) 

Itt-'tn DcstTiplion 

1 Wciphl Iray 
2 Retainer nut 
3 IICIKI asscinl)ly 
4 IVDTcore 
5 I VDI 
6 Dewar cap 
7 Thi.'rimu on|>lc ninneclors 
H Set screws 
9 Thcniiocouplc wirt's 

10 Shall assembly (lower) 
11 Sample holder lube 

Hem Oescripllon 

I- Healer assembly 
1.1 Dewar 
I** I inie-iemp. swilch 
15 Ailjuslaiile lc)"s 
Ui /.cm swili h 
I 7 Healer Icail wire 
IH Sample 
\,> Shall assembly (upper) 
20 Iransciucer I'osllion eunlrol 
21 Zero spring 
22 Probe Posiilon conirol 
23 Upper lleaiinj; guide 
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